Abstract: We propose and investigate the transformation of the surface plasmons (SPs) on the nanometallic cylindrical rod array to tunable light radiation via an exotic SmithPurcell effect. The electron beam exciting SPs on a single nanometal rod, a pair of rods, and rod array were discussed. The requirements for them to transform into radiation were then explored. The radiation has higher intensity and better coherence than the ordinary Smith-Purcell radiation (SPR). The array of rod pair can get radiation with even higher intensity due to the excitation of gap SP modes. By adjusting the rod diameter or the gap width between the rods, the radiation frequency and intensity can be well tuned.
Introduction
Over the past few decades, the electromagnetic modes along a metallic surface known as the surface plasmons (SPs) have always attracted extensive attentions for their interesting features and promising applications [1] - [4] . The SPs on a nanometallic cylindrical rod can guide the optical field for a long distance in the axial direction while confining it in the nanometer scale in the radial (transversal) direction [5] - [8] . This makes it an efficient and compact waveguide which can break the diffraction limit and promisingly be used in the integrated optics. With a purposedesigned cluster of rods, more interesting features and attractive applications can be obtained. The optical waves can propagate in the longitudinal direction along the axis and also in the transversal direction along the tangents of the rod cluster [9] - [14] . In addition, by adjusting the clustering schemes, the wave propagation characteristics can be accurately controlled because of the coupling of the SPs on adjacent rods.
While most previous literatures focused on the wave-guiding functions of the SPs on the nanometallic rods, much less investigations concerned the radiation properties from the SPs on the rods. The latter is exactly what we will specifically discuss in the present paper. The preliminary study which first uncovered the radiation properties of the SPs on a nanometallic rod was carried out in [15] . By means of analytic derivation, it anticipated that the radiation waves can exist on a single nanometallic cylindrical rod provided the angular asymmetric modes were excited. In the first decade of the 21st century, with the advancement of the nanofabrication technologies, the SPs on nano metal rod had been introduced to mediate the interaction between a light pulse with a coincident electron pulse, which revealed the multiphoton absorption and emission of the electron [16] , [17] . It was believed to indicate the promising applications in the photon-induced near-field electron microscopy (PINEM) with high spatial and temporal resolutions. Those studies actually implied the experimentally obtained radiation from a nanometallic rod under the excitation of fast electrons.
Recently, [18] demonstrated that, under the excitation of electron beam, the SPs on nanoscale metallic rectangular strips can be transformed into radiation via an exotic Smith-Purcell effect. It was essentially different from the ordinary Smith-Purcell radiation (SPR), and its intensity can be remarkably higher. In the present paper, we endeavor to transform the SPs on the nanometallic cylindrical rod array and rods pair array to the enhanced tunable radiation. The interaction between the electron beam with a single nanometal rod, pair of rods, and rods array will be discussed in detail, and the requirements for the transformation will be uncovered. To get the efficient radiation from the SPs, both the electron beam and array parameters should be well chosen. We will also show that, the SPs modes in the gaps between two adjacent rods can also be excited to generate the radiation, and the frequency depends on the gap width between the two rods. The findings here will lead to attractive applications in developing the nano scale light source [19] , [20] .
Beam Exciting Radiation From an Array of Nano Rods
We first consider the electron beam exciting a single nanometallic cylindrical rod and an array of rods. The schematic diagram is shown in Fig. 1 . The nanometallic rods are set up periodically in an array. A horizontally moving electron beam skims over the rods in the tangential direction of the cross section. According to [18] , the SPs modes, physically the collective oscillation of conduction electrons, on the metal rods will be excited by the fast electron beam. These SPs modes on each rod then successively radiate into space. The radiation become coherent in the direction determined by the Smith-Purcell relation
where is radiation wavelength, n is a negative integer, is the ratio of beam velocity to light speed in vacuum, and denotes the angle from the electron's moving direction to the radiation direction in the perpendicular plan as shown in the inset. The radiation frequency here is exactly that of the SPs modes on each single rod, which is actually a radiation cell. Thus, the radiation frequency and direction are essentially determined by the SPs on a single rod, which should be considered first. where J m and H ð1Þ m are, respectively, the fist kind of Bessel function and the Hankel function; m denotes the angular mode-number; r a is the rod radius, and k
and k y are, respectively, the wave vector in vacuum and in axial direction along the rod. " g is the dielectric constant of the metal which can be expressed by the Drude mode [21] :
Based on the above equation, the frequencies of the SPs modes on a metal rod can be determined, which depend on the metal material ð" g Þ, the rod dimension r a and the mode order m. The calculated dispersion curves for different modes can be found in [8] and references therein. For the angular symmetric modes ðm ¼ 0Þ, known as the axial TE 0 and TM 0 modes, the SPs are exclusively the surface waves which can only propagate axially along the rod. While for the angular asymmetric modes ðm 6 ¼ 0Þ, the SPs can radiate in the radial direction (as a Hankel function) provided the axial wave vector k y is located in the radiation cone ðk y G k 0 Þ. Note that, for the angular asymmetric modes, the TE modes and TM modes are coupled with each other. Readily to find that, for the tangential excitation considered in the present paper, the angular asymmetric SPs modes will naturally be excited to radiation. If we neglect the axial propagation of the excited SPs mods along the rod, the frequencies of the SPs modes together with that of the radiation can be theoretically approximated by letting k y ! 0 in (2).
In the following, we will investigate the schemes by applying the fully electromagnetic particle-in-cell (PIC) simulations [22] , [23] . The configuration of the simulation model is illustrated in the inset of Fig. 1 , which is similar with that in [24] and [25] , except here, the gratings are replaced by the nano rods array. An electron bunch with preset energy is emitted in the left end of the simulation region. After skimming over the rods array, it is collected in the right end. The detectors of the SPs modes and of the radiation are respectively set on the rod's top surface and far from the array in the perpendicular plane. To eliminate the boundary reflections which may interfere the detected waves, the whole simulation region is surrounded by the perfectly matched layers (PML). When considering the SPs, the rod material is chosen as silver (Ag) with dielectric parameters of ! p ¼ 1:39 Â 10 16 rad/s, ¼ 3:2 Â 10 13 Hz, and " 1 ¼ 5:3. To effectively excite the SPs, the relatively low beam energy of 23 keV is used [17] , [26] . In addition, to make the radiation focus in the vertical direction of the strips (the azimuthal radiation can then be ignored), the beam is set as a y-direction line-beam pulse [27] , [28] . The simulation spectra of the SPs modes detected on a single nano rods with different diameters are shown Fig. 2 , in which the subplots (a)-(c) respectively illustrate the cases that the rod diameter is 30 nm, 50 nm, and 100 nm. The insets show the electric field distribution in the cross section of the rod. When the rod diameter is relatively small, the m ¼ 1 mode is excited, see the case D ¼ 30 nm in subplot (a). As the rod diameter is 50 nm, the m ¼ 2 mode is excited. While as the rod diameter increases to 100 nm, the m ¼ 3 mode is excited. Namely, the larger of the rod size, the higher order mode will be excited, and the frequency changes accordingly. The frequencies of the SPs modes on these rods are respectively 860 THz, 868 THz, and 866 THz, which also indicate the radiation frequencies according to previous analyses. In other words, the radiation frequency will be tuned from 860 THz to 868 THz as the rods diameter changes from 30 nm to 100 nm. Note that here the tuning is not monotonous. Fig. 2(d) shows that the simulation frequencies reasonably agree the theoretical approximations obtained by (2) . Now we investigate an array of nano rods. We will first demonstrate the fact that the SPs on the rods array can be transformed into radiation and then discuss the radiation properties and the transformation requirements. Without loss of generality, we set the rod diameter as 50 nm, and the spatial period of the array as 200 nm. The simulation results are given in Fig. 3 . The subplot (a) shows the radiation field and its spectrum. The peak radiation frequency is 868 THz, matching that of the SPs on the rods. It means the radiation is transformed from the SPs modes, hereafter called the SPs-SPR. For comparison, the simulation for the case that the SPs are not taken into consideration (the rods are set as perfect conductor) is also performed as shown in figure. Its radiation covers a broad spectrum and the peak intensity is about an order of magnitude lower. The subplot (b) shows that the SPs-SPR direction is ¼ 89: 5 , satisfying the coherent condition of the SPR relation (with n ¼ À2 in (1)).
To look at the radiation properties and requirements, we gradually change the spatial period L from 60 nm to 220 nm, and the simulation results are given in Fig. 4 . The subplot (a) shows the radiation intensity versus L. The two shadow regions in the figure denote the SPR conditions respectively with the first ðn ¼ À1Þ and the second ðn ¼ À2Þ negative harmonic. When the coherent conditions are satisfied, 80 nm G L G 140 nm or 160 nm G L G 220 nm shown in the figure, the radiation intensity is obviously higher than that are not satisfied which are located in the regions L G 80 nm or 140 nm G L G 150 nm. The remarkable decreases at the edges of the radiation regions, see the cases L ¼ 80 nm, 140 nm, 160 nm in the figure, are due to the fact that the radiations have not been effectively detected as the radiation directions of them are almost parallel to the horizontal plane. The inset in the n ¼ À1 region show that, when L is less than 120 nm, two components with different frequencies will exist in the radiations. Examinations show that one of them is from the SPs on the rods, and the other results from the coupling between the adjacent rods. As L is larger enough, only the SPs radiation component can be excited as shown in the inset of n ¼ À2 region. In other words, to effectively transform the SPs on the rods to coherent radiation, L should be large enough to avoid the coupling between adjacent rods. Under this condition, each rod is an identical independent radiation unit, which is the typical feature of the SPs-SPR. Actually, when the rods are very closed to each other, the SPPs on the adjacent rods will interact with each other via the near field. It will obviously affects the oscillation pattern of the conduction electrons in the metal, namely, changes the properties of the SPs modes. The subplot (b) shows the comparisons of the theoretical and simulation results about the radiation direction versus L. We can see that they well agree with each other.
Then, we look at the requirements of the electron beam for the efficient excitation of the SPs-SPR. The intensity dependencies of the SPs and of the radiation on the beam energy is shown in Fig. 5(a) , in which all other parameters are the same as that given in Fig. 3 . The intensities of both the SPs and radiation decrease quickly with the beam energy. It can be understood that as beam velocity increases, the time duration of the interaction between electron beam with SPs modes will decrease, which weakens the excited SPs modes and radiation. Simulations show as beam energy reaches several MeVs, the SPs can not be efficiently excited. The exceptions for the cases of 23 keV and 43 keV in the radiation (see the first two points shown in the figure) can be explained as follows. When the beam energy is 23 keV, the n ¼ À2 harmonics is used to generate the SPs-SPR. While as beam energy is greater than 43 keV, the n ¼ À1 harmonic is excited, which increases the radiation intensity to some extent. The sharp decrease of the 43 keV case is because the radiation angle is too small to be effectively detected as indicated before. Fig. 5(b) shows the simulation results that the electron beam is misaligned with the rods array. The deviation angle is shown as in the inset. Intensities of both the SPs and radiation decrease gradually, but not remarkably, with , which means the radiation is not so susceptible to the misalignment of electron beam in a certain region. 
Beam Exciting Radiation From an Array of Rods-Pair
To get the radiation with higher intensity and better control, in this section we introduce a pair of rods (rods-pair) to be used as a radiation unit. The schematic diagram is shown in Fig. 6(a) , the rods-pair is set as a unit of the array. Again, we first consider the case that electron beam exciting a single rods-pair. As mentioned previously, when the two rods are close to each other, the SPs modes on the rods will couple with each other through the near field. Part of the field will be concentrated in the gaps between the rods, forming the gap SPs modes. Fig. 6(b) shows the simulation spectra detected in the gap and field distributions around the rod-pair under the excitation of electron beam. Here, the rod diameter is 50 nm, center distance between two rods is 60 nm, and other parameters are the same as that given in Fig. 2 . We can observe that two electromagnetic modes, respectively, with peak frequencies of 808 THz and 850 THz are excited in the gap. The field distributions shown in the insets indicate that, for the 808 THz case, the fields in two rods are the reversed m ¼ 1 modes; while for the 850 THz case, the fields in two rods are the reversed m ¼ 2 modes. The field intensity of the former is higher than that of the latter. Thus, as the two rods are placed together, the gap SPs modes with frequencies lower than that on the rod surface are excited because of the coupling. Changing the distance between the rods, the frequencies and field distributions of these gap modes will be changed accordingly.
Then, we transform the gap SPs modes to the enhanced SPR. The simulation radiation spectrum is shown in the Fig. 7(a) , in which the spatial period L is 200 nm, the same as that in Fig. 3 . We can see that the peak radiation frequency is 808 THz, namely, the dominant gap SPs mode has been transformed into coherent radiation. The contour map shown in Fig. 7(b) indicates the radiation direction is ¼ 106 , which again satisfies the SPR relation. In Fig. 7(a) , the radiation spectrum form the single-rod array is also shown for comparison. We can see that the radiation field intensity from the rods-pair array is about two times larger than that from the single-rod array. Fig. 7(c) shows the dependence of the radiation spectrum on the center distance L 0 (gap width) between the two rods in the pair. The radiation frequency increases gradually with L 0 , and specifically, the radiation frequency will be monotonously tuned from 800 THz to 865 THz as L 0 increases from 55 nm to 70 nm. The figure also shows that the radiation intensity decreases gradually with the L 0 . As L 0 is large enough, the radiation spectrum will be close to that of the single-rod array.
Conclusion
The transformation of the surface plasmons on the nanometallic cylindrical rod array to tunable light radiation via an exotic Smith-Purcell effect has been explored in detail by simulations. The electron beam exciting SPs modes on a single nanometallic rod, a pair of rods, and rods array were analyzed. In addition, the requirements for the transformation of the SPs to radiation have been discussed. The results may lead to attractive applications.
